ABSTRACT: The extrapallial fluid of clams is located between the external epithelium of the mantle and the Inner face of the shell. The pallial line separates the fluid into central and peripheral extrapallial fluids (CEF and PEF, respectively). These fluids are the sites of biomineralization, but th(,ir role in other biological processes, such as defense, remains unknown. A comparative study of some characteristics of the cellular and humoral fractions of the extrapallial fluids and hemolymph of the Manila clam Ruditapesphilippinarum was carried out. Both CEF and PEF contained abundant hemocytes cornparable to those found in hemolymph. Total and viable hemocyte counts were high especially In the CEF. Extrapallial fluid cell lysate and supernatant showed significant bacteriolytic (lysozyme-like) activity. The CEF was found to be bacteriologically sterile. This sterility may result from the presence in the CEF of significant defense factors in the form of numerous macrophage-like cells and high lysozyme activity. These findings are of interest in the case of bivalves susceptible to shell diseases such as R. philippinarum, which is suscept~ble to a bacterial disease caused by Vibrio tapetis.
INTRODUCTION
Because molluscs have an open circulatory system, hemocytes are present in sinuses throughout all soft tissues (Cheng 1981 . Bayne 1983 . In addition, recent findings confirmed the presence of hemocytes in oyster shell liquor (Mulholland & Fried1 1994 , Mulholland et al. 1995 . Many studies concerning molluscan hemolymph have already been carried out, but little is known about the other body fluids, such as the pallial fl.uid (or pallial cavity fluid) and extrapallial fluid, which is located between the external epithelium of the mantle and the inner face of the shell. A few studies dealing with oyster pallial cavity fluid have demonstrated the presence of lysozyme (McDade & Tripp 1967) and agglutinins (Fisher 1992 ) originated from mucus secretions of pallial organs. Most studies of extrapallial fluid deal with the ionic regulation and CaC03 formation that occur in this medium, rather than with the biological factors that may play a role in the defense system (Wilbur 1964 , Crenshaw 1972 , Misogianes & Chasteen 1979 , Wilbur & Saleuddin 1983 .
In the Manila clam Ruditapes philippinarum, as in other Venerideae, the pallial line separates the extra-'Addressee for correspondence. E-mail: paillard@univ-brest.fr
Resale of full article not permitted pallial space into 2 compartments: the central compartment contains the central extrapallial fluid or CEF, whereas the peripheral compartment contains the peripheral extrapallial fluid or PEF (Bartoli 1974 . This bivalve species is affected by a bacterial shell disease, the Brown Ring Disease, which is caused by a Vibrio strain first called Vibno P1 (Paillard & Maes 1990 ) and more recently named Vibrio tapetis (Borrego et al. 1996) .
This disease is characterized by a conchiolin deposit on the inner face of the shell, within the extrapallial space (Paillard et al. 1989 . Because the characteristic disease syndrome is located outside of the soft tissue, it is relevant to evaluate the clam's defense potential in the extrapallial fluid, the medium that surrounds the body and in which the signs of disease occur.
In microbial diseases of molluscs, 2 major defense mechanisms are generally involved in the early stages of infection: (1) phagocytosis by hemocytes and (2) spontaneous antibacterial activity of mollusc humoral factors (see reviews by Cheng 1981 , Bayne 1983 , Chu 1988 . The purpose of this work was to examine and compare some characteristics of the cellular and humoral fractions of the extrapallial fluid (CEF and PEF) and of the hemolymph (HE) of Ruditapes philip-pinarum. The parameters investigated were mainly cell morphology, cell number and viability, and activity of lysozyme, which is considered to be a natural antibacterial factor ).
MATERIALS AND METHODS
Specimens. Adult (35 to 40 mm) Manila clams Ruditapesphdippinarum with no sign of Brown Ring Disease, were obtained from wild populatjons in the Ray of Brest, France. Clams were maintained in an aerated aquarium with seawater at 15OC. They were fed daily with cultured phytoplankton. Fluids were sampled 3 to 5 d later.
Fluid sampiing. KE sdllipies w e r e wiCliri[dwli ilu~ii the adductor muscle as described by . Extrapallial fluid samples were collected by drilling holes through the external face of the shell with a round dental burr. Care was taken to avoid cutting the mantle. One hole was made in the central part of each valve to obtain CEF and a second in the sinusal part for the PEF (Fig. 1 ). The quality of the extrapallial fluid samples was checked by confirmation of mantle integrity after openmg the valves. For each clam, the sample volume varied with compartments: 200 to 400 p1 for HE, 200 to 1000 p1 for CEF, and 30 to 60 p1 for PEF (obtained from both valves). Spontaneous attachment. Samples (100 p1 from individual clams except for PEF, whlch were pooled) were discharged onto clean glass slides, then placed in a moist chamber and incubated for 15 min at room temperature (20°C). Adhered cells were fixed by flooding the slides with ice-cold 3 % (final concentration) glu- taraldehyde seawater. Subsequently, attached cells were rinsed gently in 2 baths of distilled water, air dried and observed directly using phase contrast microscopy (Olympus, BH2). Cellular parameters. Total and viable cells were counted simultaneously with a hemocytometer in mixtures (v/v) of sample with 0.2% trypan blue in seawater. For differential counts, samples were immediately diluted with an ice-cold iso-osmotic anti-aggregant solution (1 1 distilled water, 14.4 g Na2HP04.2H20, 2.6 g NaH2P0,.H20. 25 g NaCI, 10 g EDTA; pH 7.4), and centrifuged (30 X g, 10 min; cytospin technique). Resulting smears were stained (May-GrunwaldGiemsa stain) according to . For size measurements, samples were fixed immediately in ice-cold 6% {v/v) giiiiaraldehyde seawater to minimize any modification in shape or size, then centrifuged and stained as described above. Resulting smears were observed under a microscope (Leica, DRMBE) equipped for image analysis processing (Cohu video camera, Visilog 4 software). Cell diameter was considered equivalent to the diameter of a circle having the same surface area.
Electron microscopy. Spreading cells from HE, CEF and PEF were obtained as described above. They were fixed for 30 min with 2.5% glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.2) and adjusted to 1100 mOsm with NaCl. In order to observe the whole cellular population, not only spreading cells, additional samples were immediately fixed (v/v) in the fixative solution (5 % glutaraldehyde in cacodylate buffer) for 30 min on ice; the mixture was then centrifuged (30 X g, 10 min; cytospin). Smears prepared according to these 2 techniques were washed with buffer solution (2 X 30 min), postfixed for 1 h in 1 ' % osmium tetroxide solution (in buffer), rinsed with buffer (2 X 30 min), dehydrated in a 70 to loo%, ethanol gradient, dried by the critical point method, coated with gold and observed under scanning electron microscope (SEM Hitachi, S-3200N).
Lysozyme activity. HE and CEF samples from single clams were assayed individually; PEF samples were pooled because of their small volume (30 to 60 p1 clam-'). Samples were centrifuged (10 min, 400 X g, 4°C) and supernatant (SN) was withdrawn and stored at -20°C until used. Sterile (autoclaved and filtered at 0.2 pm) seawater was added to the cell pellet to obtain a final concentration of 10' cells ml-l, then sonicated (40 min in ice-cold water). Cell lysate (CL) was stored at -20°C until used. Lysozyme concentration was determined spectrophotometrically according to the method of Shugar (1952) . Samples (50 p1 SN or CL) were added to 1 m1 of a bacterial suspension (lyophilized Micrococcus lysodeikticus, 20 mg m1 ' in 66 mM phosphate buffer at pH 5.5) and turbimetric changes were recorded for 100 S at 450 nm (Secoman, S1000 spectrophotometer). Chicken e g g white (CEW) lysozyme (Sigma) served as the standard. Lysozyrne activity was calculated using the change in absorbance between 10 and 100 S. Supernatant protein was measured by the method of Bradford (1976) using bovine serum albumin as a standard. Lysozyme activity is reported as the concentration of CEW lysozyme equivalent expressed either in mg per m1 of sample or per mg protein for the SN, and per m1 of sample or per 10' cells for the CL.
Bacterial analysis. Only CEF samples were examined for the presence of bacteria. Preliminary studies carried out in our laboratory showed that drilling through the valves resulted in a high risk of bacteriological contamination of the CEF by the pallial fluid. To identify contaminated CEF samples, clams were inoculated in the pallial cavity with a naturally pigmented (red) marine bacterium (5 X 10' colony-forming units clam-'), then CEF samples were aseptically withdrawn. Immediately, samples were serially diluted a n d plated on standard marine agar [ l 1 distilled water, 15 g agar, 20 g sea salts (Sigma), 4 g peptone, 0.1 g Fe(P0,)2]; sub-samples were inoculated in standard marine culture broth since this medium is more favorable to bacterial growth than solid agar. Enumeration was made after 2 wk of incubation at 20°C. Plates containing red colonies were considered to have been contam~nated by the pallial fluid during sampling.
RESULTS

Cellular characteristics
Observations by light a n d scanning electron microscopy (Figs. 2 to 5) showed that cells in the clam's CEF and PEF were lnorphologically similar to hemocytes from the HE. They possessed filipods and were able to Scanning electron micrograph (SEM) of a spreading CEF cell.
SEEM of an instantaneously fixed PEF cell shows round shape with short cytoplasmic extensions.
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form aggregates of various size (Fig. 2) . When placed on glass slides, living cells adhered, formed pseudopods and began migrating (Fig. 3) . Preparations of instantaneously fixed cells showed small round cells with short filamentous cytoplasmic extensions (Fig. 4) . The sizes of CEF cells and HE hemocytes were statistically the same and ranged from 4.1 to 13.9 pm in diameter (Table l) . Stained preparations of CEF and PEF showed cells with or without cytoplasmic neutrophilic (pink) granules comparable to granulocytes and hyalinocytes encountered in the HE (Fig. 5) . These 2 cell types represented more than 95 % of the whole population. The percentage of granular cells was 37.6 * 13.6 in the HE and 39.8 5 21.5 in the CEF (mean + standard deviation, n = 10, Table 1 ). Other minor ceii types were observed, particularly vacuolized and unidentified cells.
Relatively large variations occurred in cell concentrations, especially in the CEF (0.8 to 8.2 X 106 cells ml-l). Mean cell concentrations were significantly higher in HE and CEF than in PEF (Table 1) . A significant positive correlation (r = 0.63, p < 0.001, n = 25) was found between cell concentrations in CEF samples withdrawn from each valve of the same clam; however, there was no correlation between concentrations in the HE and the CEF (r = 0.23, p = 0.2, n = 25). The large variations found in CEF cell concentrations could not be explained by the large variation in CEF fluid volumes as the two were not correlated (r = 0.09, p = 0.66, n = 25). Cell viability was significantly higher in the CEF and HE than in PEF (Table 1) .
Lysozyme
Lysozyme activity was demonstrated in HE, CEF, and PEF. in each compartment, there was more lysozyme activity in the CL than in the SN (Table 1) . In CL, calculated activity was equivalent to 5.1, 6.2 and 5.8 1-19 CEW lysozyme ml-' of sample in the HE, CEF and PEF respectively (Table l ) , whereas SN activity equaled 2.4, 2.1 and 1.9 pg CEW lysozyme ml-' of sample in the HE, CEF and PEF, respectively (Table 1) . However, the standardization of lysozyme activity with total hemocyte count for the CL and with protein contents for the SN led to substantial changes in these results, with maximal values in the PEF (3.1 pg CEW lysozyme per 106 cells and 13.4 pg CEW lysozyme mg-' protein) foliowed by CEF (3.0 pg CEMr lysozyrne per !G6 ce!!~ anc! 10.3 pg CEW lysozyme mg-' protein) and HE (2.7 pg CEW lysozyme per 106 cells and 6.9 pg CEW lysozyme mg-' protein).
Bacteriology
Only 3 among 11 CEF samples contained culturable bacteria that were detected on both agar plates and in marine broth. Positive agar plates had predominantly red colonies and were considered to have been contaminated by the pallial fluid during CEF sampling. There were no culturable bacteria in the other 8 samples. Consequently, they were considered to be bacteriologically sterile. 
DISCUSSION
The major result of the present paper was the consistent observation of numerous hemocytes in extrapallial fluid of clams that have the same morphological, cytometrical and cytological characteristics as HE hemocytes. Cell concentrations in CEF and PEF were similar to those found in the HE of the same individuals. Hemocytes from extrapallial fluids (CEF and PEF) were in good condition when tested using the trypan blue exclusion method and SEM observations. They have been shown to phagocytose latex beads and the pathogenic Vibrio tapetis labeled with the fluorochrome cyanoditolyl tetrazolium chloride (Allam et al. 1995, Allam & Paillard unpubl. data) . The presence of putative hemocytes in shell fluids of oysters was recently documented (Muholland & Friedl 1994 ). Mulholland & Friedl (1994 and Mulholland et al. (1995) showed that hemocytes from oyster shell liquor, pericardial cavity and adductor muscle sinuses have the same cytometric characteristics as those demonstrated by multifactorial analysis. These findings raise questions concerning the origin and role of the extrapallial hemocytes in undisturbed bivalve species, and about the distinction between internal and external fluids in bivalves.
(1) The extrapallial fluid hemocytes probably originate from diapedesis from the mantle. Intensive infiltrations of hemocytes from blood sinuses into the connective tissue and into the extrapallial space through the external mantle epitheliun~ has been reported after shell damage in several molluscan species (Wagge 1955 , Beedham 1965 , Bayne 1983 . The role of infiltrating heinocytes has not been clearly defined (Wilbur 1964 , Watabe 1983 . They probably play a role in shell repair, perhaps by transporting metabolites needed for the repair process (Beedham 1965) . They may also play a role in the defense process by constituting an immunological barrier following damage inflicted to the main physical barrier (Beedham 1965 , Watabe 1983 , Fisher 1986 .
(2) Depending on a bivalve's anatomy, the extrapallial space can be a single compartment or divided into two. If the mantle is strongly bound to the shell at the pallial line, the attachment separates the central compartment from the peripheral; the former is relatively isolated from the ambient water, whereas the latter is more open to it (as in clams). If the mantle is not strongly attached at the pallial line, it can retract, leaving the extrapallial compartment relatively open to the ambient water (as in oysters). In spite of these large morphological differences between clams and oysters, the presence of hemocytes has been confirmed in the extrapallial fluid of both of these species (Muholland & Friedl 1994 , Allam et al. 1995 .
Even if exchange between seawater and shell fluids occurs, the environment between the mantle and the shell is sufficiently closed to be considered as a 'pseudo-internal' compartment. Following this approach, the shell fluids in bivalves can be considered as 'pseudo-internal' fluids that may act, in addition to supporting shell growth processes, like the HE to preserve bivalve health.
Lysozyme activity has been documented in the HE of many marine bivalve species (Chu 1988) . This bacteriolytic enzyme is active against several species of Gram-positive and Gram-negative bacteria , McHenery & Birkbeck 1982 . Our results show the presence of lysozyme activity in Manila clam extrapallial fluids as well as in the HE. Unlike the soft-shelled clam Mya arenaria , lysozyme activity in Manila clams is more abundant in cell lysate than in supernatant, as is the case with the HE of Mercenaria mercenaria (Cheng et al. 1975) . Previous results based on semi-quantitative enzyme determinations (apiZYM galerie, Biomerieux, France) showed very close enzymatic profiles between cell lysates and supernatants from the HE, CEF and PEF of Manila clams (Allam et al. 1995) . The origin of lysozyme and other enzymes in the CEF and PEF supernatant could be the lysosomes of granular hemocytes as in the case of HE serum , Cheng 1981 . However, mantle epithelia] cell secretions (e.g. lysosome contents and mucus) may contribute to the enzymatic and bacteriolytic activity in these fluids.
The bacteriological sterility of CEF revives controversy on the assumption of sterility of molluscan body fluids. Many authors consider that molluscan HE contains endogenous bacterial microflora (Olafsen et al. 1993 ). In our study, technical sampling difficulties were solved by making holes through polished and sterilized (sprinkled with alcohol) shell and not through epiflora-rich soft tissues. CEF sterility can result from one or both of the following factors: (1) effectiveness of the physical barrier constituted by the shell, the mantle, and the pallial muscle attachment that prevents microbial invasion, and (2) defense factors present in the CEF (numerous macrophage-like cells, lysozyme activity, and perhaps other antibacterial factors) that neutralize invading microorganisms.
In conclusion, defense factors, represented by abundant hemocytes and a bacteriolytic enzyme, are described in clam extrapallial fluids. High similarities (total and differential hemocyte counts, and lysozyme activities) were observed between HE and extrapallial fluid factors, especially with CEF. In addition, the CEF is bacteriologically sterile. These findings are particularly relevant in the case of bivalves susceptible to shell diseases, such as Ruditapes philippinarum, which is affected by Brown Ring Disease of the shell caused by the bacterium Vibrio tapetis. The role of abundant hemocytes in extrapallial fluids remains to be defined: They undoubtedly play a role In metabolite transport and the calcification process. However, it seems that they also act in the defense process since;experimental infection with V tapetis enhances cell concentrations and lysozyme activity in the CEF (Allam unpubl.) . Additional experiments are in progress to clarify the role of extrapaUia1 fluids in the bivalve defense strategy.
